Introduction
Radiolysis gas (2H 2 +O 2 ) can accumulate in steam piping of Boiling Water Nuclear Reactor (BWR) in case of steam condensation. A detonation of radiolysis gas was the likeliest cause of the pipe ruptures in the Hamaoka-1 and Brunsbüttel accidents (Nakagami, 2002; Schulz et al., 2002) . In both cases the failed pipes were initially under the operating pressure of 70 bar. During the detonation accident the pressure rose up to 1000 bar or more. In the current paper we consider a typical BWR exhaust pipe and first evaluate the maximum pressure load in case of a radiolysis gas detonation at an initial pressure of 1.6 bar and a temperature of 35 °C. Next, the mechanical response of the exhaust pipe and its possible damage will be numerically evaluated. The typical exhaust pipe investigated in this study is shown in Fig. 1 . It consists of two parts with an outer diameter of 510 and 419 mm fabricated from stainless steel DIN 1.4541. In reality, the exhaust pipe is filled with nitrogen initially. Radiolysis gas (RG) with steam can enter through an exhaust valve due to an opening procedure or due to a leak. In case of a slow long time steam condensation, the radiolysis gas can accumulate at the top of the exhaust pipe. Thus, without an additional ventilation, the "worst case" atmosphere in the exhaust pipe has an initial pressure of 1.6 bar (controlled by the 6 m height of the water level) and consists of radiolysis gas diluted with nitrogen. According to the recommendations of the Reactor Safety Commission (Germany) for radiolysis gas control in BWR plants it is demanded to determine the reaction pressure for the highest radiolysis gas concentration which could arise. Our previous data analysis (Kuznetsov et al., 2007a) was based on the postulated detonation of pure radiolysis gas, consisting of a stoichiometric hydrogen-oxygen mixture, as the "worst case" scenario. In this study three levels of pressure loads for "worst case" conditions were evaluated in these works: (1) the stationary detonation pressure of about 29 bar; (2) the local deflagration-todetonation transition (DDT) pressure of 62.5 bar; and (3) the reflected Chapman-Jouguet (CJ) pressure of 71 bar as the maximum detonation pressure that occurs at the tube end. The characteristic pressure loading time was estimated to be about 2 ms, which corresponds to the quasi-static loading regime for a tube of 510 mm outer diameter and 15 mm of wall thickness (the weakest tube part). It was demonstrated that the reflected detonation wave at the end of the exhaust pipe causes a maximum circumferential strain of 0.11%. Normal detonation at the main part of the exhaust pipe causes a strain of about 0.045%. This means that "worst-case" scenario of radiolysis gas detonation would not lead to the structural damage of such pipe. (Kuznetsov et al., 2002; Schröder et al., 2006; Kuznetsov et al., 2007b ) with radiolysis gas detonations in closed pipes showed that much higher maximum detonation pressures than the reflected pressure and the DDT pressure could occur in reality. The main purpose of this work is to find out the real "worst case" scenario in order to evaluate the integrity of a BWR exhaust pipe using a 1D numerical code for deflagration-to-detonation simulation (FA1D). These data are required for BWR safety analysis and future design guidelines for BWRs.
Experimental analysis of radiolysis gas detonations
In (Kuznetsov et al., 2007a ) stoichiometric H 2 -O 2 mixtures were examined as a "worst case" scenario, because they have the highest energy density and thus the largest potential for pipe deformations. Radiolysis gas mixtures with arbitrary nitrogen dilutions have also been discussed in this work. According to the references (Schröder et al., 2006; Kuznetsov et al., 2007a ) the principal sequence of a radiolysis gas combustion, schematically represented in Fig. 2 , changes with growing nitrogen dilutions as follows: -after weak ignition of the gas at x = 0 a slower flame acceleration takes place compared to pure radiolysis gas; -due to the longer foregoing deflagration process the DDT point shifts to the tube end; -the precursor shock wave ahead of the flame has a smaller Mach number and thus a lower pressure amplitude;
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Numerical Simulation of Radiolysis Gas Detonations in a BWR Exhaust Pipe and Mechanical Response of the Piping to the Detonation Pressure Loads 391 -the DDT peak pressure increases on the one hand because of increasing precompression; on the other hand the theoretical CJ-pressure drops because of the nitrogen dilution; -because of the longer run-up-distance to the DDT point the time gap between detonation onset and reflection decreases; this leads to the actual worst case situation when both processes overlap and the detonation is initiated at the pressure of the reflected precursor shock wave. Thus, with increasing nitrogen dilution the DDT point shifts towards the tube end resulting in extremely high pressures as result of cumulative effects of pre-compression, reflection and local explosion during the DDT process itself. Because of smaller amount of remaining unburned material during the DDT process the resulting peak pressure from DDT and reflection will be shorten and the characteristic pressure load time will decrease. However reduced duration of a pressure load can cause a smaller dynamic load factor and less strain in a loaded tube (Kuznetsov et al., 2007b) . The total effect of nitrogen dilution on the maximum dynamic piping stress and strain cannot be evaluated without detailed numerical simulations, because of the co-existence of several gas dynamic effects. In this work therefore the influence of nitrogen dilution will be quantitatively determined by systematic numeric simulation of the radiolysis gas combustion sequence depicted in Fig. 2 . The goal of the calculations is the evaluation of maximum pressures that can occur for the deflagration/detonation of 2H 2 +O 2 +xN 2 mixtures in an exhaust pipe. In a second step, the structural dynamic response of the exhaust pipe to the calculated dynamic pressure loads will be examined.
FA1D code description

The model
For the numerical simulation of reacting flow problems a CFD "in house" code was developed. In order to simplify the program and to make it more quick and flexible, the program was based on the following assumptions: 
Here ρ -density, u -velocity, E -total energy per unit volume (kinetic+thermal), i f -mass fraction of components, Q -reaction rate, i r -stoichiometric coefficients (negative for reagents, positive for products), 
FV can be set equal to the sound speed of burned gas. So, the reaction rate is calculated as follows:
Here l is the index of the limiting reagent (in our calculations -H 2 ). The choice of 0 Q is not very important. Its value determines only the width of the reaction zone. It should be sufficiently high, to make this zone narrow, but not very high to not disturb the numerical stability of the model. If we consider the computational cell where the flame front is, we will see that Δx
is a reasonable choice for the reaction rate.
However, such a simple model of combustion will result always in complete combustion of the reagents. The real equilibrium state after the combustion consists not only of products, but also of unreacted reagents and radicals representing intermediate stages of the combustion. The completeness of the combustion is determined mostly by the temperature but also by pressure and initial concentrations of species. To determine the completeness of the combustion it is necessary to consider reverse reactions together with the forward ones. The ratio of rates of forward and reverse reactions is determined by:
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So we can see that a correction factor has to be introduced to the reaction rate, which is determined by the thermodynamic properties of the mixture. It is not necessary to follow this formula exactly as long as we don't investigate detailed chemistry with exact reaction rates. The only important thing here is the sign of the net reaction rate and equilibrium point where 1 = K and 0 = Q . We found that the following approximate formula gives the same result as as the exact one, Eq. (8): 1l n 1
The advantage of this formula is the possibility to avoid an exponentiation at every cell in every time step. Another advantage is that the correction factor applied to the reaction rate is less than one by absolute value, so such a correction will not influence the numerical stability of calculations.
Flame acceleration model and code validation
An important part of the model is the simulation of the flame acceleration after the first weak ignition. This phase determines amplitude and length of the pre-compressed zone, which is formed ahead of the flame front in the unburned gas. The pressure amplitude depends particularly on the effective maximum burning velocity S max of the turbulent flame developing in the pipe. Since the FA1D-code does not have any turbulence model, three radiolysis gas experiments in smooth pipes (Kuznetsov et al., 2002; Kuznetsov et al., 2005; Liberman et al., 2009 ) with different gas mixtures have been analyzed, to evaluate the effective burning speed S max and the flame acceleration law. Experimental data analysis showed that S max normalized by the fundamental laminar flame speed S L which lies in the range of S L = 4 -12 m/s, practically doesn't change and has an average value of S max /S L = 17.5. This value is also consistent with general correlations for the turbulent burning speed S T for different gases at high degree of turbulence which gives S T /S L values up to 17 (Bradley, 1992) . Therefore the use of a maximum turbulent burning speed of S max = 17.5· S L for the examined radiolysis gas -nitrogen mixtures, seems to be a reasonable number for extrapolation to all diluted radiolysis gas mixtures in the present work. The laminar flame speed S L for mixtures with unknown fundamental flame velocity was computed using the Cantera code with a verified planar flame model (Goodwin, 2001) and a detailed H/O/N reaction mechanism (Lutz, 1988) . A detailed sensitivity study showed that not only the maximum burning speed S max , but also the flame acceleration from S 0 up to S max can affect the pressure in a pipe before and after the DDT process. Figure 3 shows a simplified linear approximation of the flame speed evolution in a pipe used in Eq. (5) as the flame acceleration law along the tube. In good agreement with our experimental data (Liberman et al., 2009 ) a linear flame acceleration law against distance in smooth channels corresponds to the case when the visible flame velocity is proportional to the flame area, which is for so called "finger" flames proportional to the distance along the tube, S(x) ~ k·x. This leads to the exponential flame acceleration law against time as follows:
where
is the exponential factor depending on the expansion ratio ub σ ρρ = of unburned and burned components and tube radius R; S 0 = S L is the effective initial flame speed. So, with a smaller tube size and a higher mixture reactivity the flame accelerates faster. For the general description of the deflagration, three main parameters are necessary: the initial flame speed S 0 , the flame acceleration distance x a which depends on the exponential factor k (Eq. (10) and the maximum flame speed S max . At the postulated DDT point x D the flame speed is increased suddenly to the speed of sound in the burned gas C p , which can be determined from thermodynamic calculations. This flame speed corresponds to the CJdetonation. The effects of the two free parameters S 0 and x a on the peak pressures were examined to be used in detailed model for the flame speed calculations. The flame model used here supplies conservative over-pressure before and after the DDT process. The numerical model of FA1D was examined in a wide range of initial conditions for detonation experiments with radiolysis gas mixtures (Kuznetsov et al., 2002; Kuznetsov et al., 2005) : tube lengths from 3 to 6 m; initial pressures from 0.7 to 10 bar; initial temperatures from 300K to 570K; without and with different inert gases as steam and nitrogen. The experimental validation of the code is required to adjust the three main parameters of the www.intechopen.com Numerical Simulation of Radiolysis Gas Detonations in a BWR Exhaust Pipe and Mechanical Response of the Piping to the Detonation Pressure Loads 395 flame acceleration: the initial burning speed S 0 , the flame acceleration distance x a and the maximum burning speed S max , using experimentally determined trajectories for shock wave and flame front. The DDT point in the calculations was specified at the same distance as observed in the experiments. Figure 4 shows one example for a comparison of experimental and calculated x-t diagrams for radiolysis gas detonation experiments with 40% H 2 O at 10 bar and 570K, with the DDT point x D at 2 m. Such diagrams represent an array of pressure and light sensor records vs. time at the x position along the tube. According to the previous correlation a maximum burning speed S max = 150 m/s was assumed, an initial speed S 0 = 50 m/s and an acceleration distance x a = 0.5 m were used in the calculations. The variable pressure scale is indicated by the tick at the right side for each pressure gauge position. In Fig. 4 measured and computed pressure and light signals are depicted. The experimental x-t diagram (Fig. 4, left) shows that behind the leading shock wave (SW) the radiolysis gas mixture is pre-compressed up to 15 bar compared to 10 bar of initial pressure. The calculations give a somewhat stronger leading shock wave with a pressure of 21 bar. Generally, the measurements and calculations show good agreement of pressure and light signals and shock wave trajectories. The test calculations and further comparisons with experiments, will show that the developed 1D program is able to reproduce all necessary dynamic pressure effects and that it can be used for the prediction of real pressure loads.
radius R and wall thickness h exposed to an isotropic internal overpressure p(t) experiences a deformation x(t). To calculate the tube response at the different regimes of internal pressure loads the following assumptions are introduced: a) cylindrical symmetry; b) linear Hooke's law for deformations (linear elastic oscillator).
R h x(t) P(t) The following differential equation describes the structural response of a long pipe in the linear elastic approach:
22
(1 )
where Ω is the circular frequency of the tube; ν is the Poisson's ratio; μ is the damping factor; E is the Young's modulus of elasticity; ρ is the density; x(t) is the wall displacement. In terms of engineering strain ε = x/R, the following differential equation governs the structural response of a pipe:
Of course, the model does not describe the behavior of a finite cylindrical shell like a tube with flanges. The time dependent pressure function p(t) might be described as an analytical function or as an output file of the pressure-time history from FA1D simulations. It also could be a measured pressure-time dependency obtained by pressure sensors. For simple pressure function p(t) equation (13) can be solved analytically. For complex pressure functions p(t) the differential equation (13) was solved numerically with a Runge-Kutta method. Static pressure load. In the simplest case, the pressure does not depend on time p(t) = P m = const. In this case the maximum tube response is www.intechopen.com 
which does not depend on the time (Fig. 6, left) . The maximum displacement ε m = 0.0025 was calculated for stainless steel tube with the following properties as an example: Formula (15) is often used to calculate the maximum design pressure of a tube under static pressure load. However, in the case of a detonation load, the pressure load is highly transient and propagates at high speed. In this case the static design pressure formula (15) gives a value for the maximum displacement that is too low. Let us consider why. Dynamic response. The dynamic pressure response of the tube (Fig. 5 ) in simplified form with a damping factor of µ = 0 yields:
As an intermediate case from static to dynamic load a quasi-static pressure function can be considered, which is given by
The response of the tube can be calculated analytically as follows
where ε m is the static tube response given by Eq. (15). It follows from Eq. (18) that the maximum displacement under quasi-static loading is two times higher than in the static case:
So, an amplification factor of K = 2 is determined for a displacement under quasi-static load compared to the static pressure loads. The analytical solution of equation (3) for the simplest step-wise pressure function p(t) = P m = const (t > 0) is given in Fig. 6 (right). It really shows that the mechanical response of the tube (25 mm i.d., 2 mm wall thickness) to the dynamic pressure load even in case of the same maximum pressure as for static load (p(t) = P m ) can be two times higher.
Fig. 6. Static (left) and quasi-static (right) tube responses
In accordance with Baker's (1983) overview, the amplification factor K depends on the value of the product T Ω⋅ , where T is the characteristic time of dynamic loading. For a detonation process, three different pressure profiles with characteristic time T, when T Ω⋅ > 40, can be considered to be analytically derived for the appropriate piping deformation (see Fig. 7 ): rectangular (I), triangular (II) and exponential function (III), which is the most typical for detonation processes. The same initial conditions as above for the stainless steel tube were used for the mechanical response calculations. The analytical solutions of equation (13) for these three cases with a damping factor of µ = 0.5 and characteristic time of the pressure load T = 10 ms ( T Ω⋅ > 40) are given in graphical form in Fig. 8 . It was shown that the maximum displacement, which is equal to ε m = 0.005, for all cases is independent of the shape of the pressure impulse and only proportional to the maximum pressure P m . In comparison with a static pressure load, where ε m = 0.0025, this means that the dynamic amplification factor is K = 2 for maximum displacement, which is two times larger than for the static case, similar to that for quasistatic pressure loading regime when T Ω⋅ > 40. In agreement with Baker (1983) , it also was shown that in case of impulsive loads for T=0.1 ms, when T ⋅ Ω < 0.4, the maximum displacement ε m of the tube under internal dynamic pressure load is proportional to the pressure impulse ()
, independent of the shape of the pressure function p(t). This explains why the smallest displacement was calculated for a triangular pressure impulse, which has the smallest pressure impulse of all three cases (Fig. 9) . The corresponding ratio of the pressure impulses for three cases: I I : I II : I III = P m ·T : P m ·T/2 : P m ·T (1-1/e) = 2 : 1 : 1.3 is the same as that for the calculated maximum displacements: ε I : ε II : ε III : = 2 : 1 : 1.3. In the intermediate case of 0.4 < T Ω⋅ < 40, a transient regime will occur with an amplification factor in the range of 0 < K < 2. In the present work the time-dependent pressure load function p(t) in equation (13) was also taken from the gas dynamics code FA1D. For such a complex pressure function the differential equation (13) was solved numerically with a Runge-Kutta method. The numerically computed piping strain agreed with the analytical results for the above described simple cases. Figure 10 shows an example for the calculated mechanical response to a pressure load with a highly resolved pressure function that includes the von Neumann spike, compared to that without von Neumann spike (low time resolution >10 µs). This example demonstrates that the very narrow von Neumann spike has practically no effect on the resulting pipe strain. Under detonation pressure load the maximum displacement ε m is mainly determined by the Chapman-Jouguet pressure p CJ which is the effective detonation pressure. Using equation
(13) with an amplification factor K = 2 for p m = 85 bar, the maximum displacement ε m = 0.14% is very close to the calculated value of 0.12% obtained using the measured pressure p(t) and a Runge-Kutta method. The time of about 3 ms between two maxima of the strain oscillations (period of oscillations) according to equation (12) corresponds to the natural frequency of the real stainless steel exhaust pipe: Ω = 20 kHz. The maximum displacement always occurs in the first oscillation and it is twice as large (dynamic load factor K = 2) in the quasi-static load regime, compared to the strain under static load of the same pipe. This can be regarded as an additional validation of the structural dynamics model used here. 
Results of numerical simulations
With the described 1D computational program the detonation transitions in different radiolysis gas-nitrogen mixtures were simulated. Figure 11 summarizes all accomplished computations, whereby for each nitrogen dilution several values for run-up-distance to the DDT point (x D ) were examined. The white band of realistic run-up-distances to the detonation onset shown in Fig. 11 was estimated using experimental data and our DDT model described previously (Kuznetsov et al., 2002; Kuznetsov et al., 2005) . According to this model, the DDT can only occur if the thickness of the turbulent boundary layer in the unburned gas is 10 times higher than the detonation cell size. As Fig. 11 shows, this distance to the DDT point (open blue points) increases exponentially with increasing nitrogen dilution of the radiolysis gas and could reach approx. 8 m for 60% N 2 . For 80% N 2 in radiolysis gas the computed distance to the DDT is much larger than the pipe length (L = 12.5 m). Independent of the realistic range of run-up-distances for nitrogen diluted radiolysis gas mixtures, numerical calculations were performed outside the realistic range to examine the www.intechopen.com
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influence of the run-up distance on the maximum pressure and pipe deformation. Main results of numerical calculations of maximum circumferential pipe strain under radiolysis gas detonation pressure loads are shown in Fig. 11 for all nitrogen dilutions and run-updistances. Detonations of pure radiolysis gas (0%N 2 ) and highly nitrogen diluted radiolysis gas (80%N 2 ), giving low levels of deformations, will not be considered in details. Other calculations resulting in the highest strain will be analyzed in the next sections. 
Results for 20% nitrogen
For radiolysis gas -nitrogen mixtures with 20%N 2 three different distances from the ignition to the DDT point were simulated: x D = 2, 3 and 5 m (see red points in Fig. 11 ). The ignition of the radiolysis gas took place at x = 0. Figure 12 summarizes the computed pressure-time records (top), plotted at the sensors position (as an x-t -diagram), and peak pressure history (bottom) for the DDT point x D = 2 m. For tube strain, the maximum pressure is not the only important pressure load characteristics. Another important property is the pressure impulse or characteristic pressure loading time. Figure 13 shows the dynamics of the pressure load function for several locations near the DDT point. The closer to the DDT point a pressure sensor is located, the higher is the measured maximum pressure, but the smaller becomes the pressure loading time or pressure impulse. The deformations of the modelled tube at different positions have been calculated using a 1D model for the mechanical response of an unconfined cylindrical shell to dynamic pressure loads. To be conservative, the tube dimensions of the weaker part (510x15 mm) were assumed for whole tube. Fig. 14 represents calculated strain signals in form of an x-tdiagram to demonstrate the mechanical piping response to the dynamic pressure load. As Fig. 14 shows, the maximum deformations occur close to the DDT point and at the tube end. However, the maximum pressure impulse was achieved at the distances more than 4 m. The calculated frequency of strain signal oscillations of about 20 kHz is consistent with exhaust pipe dimensions and stainless steel properties. A comparison of the maximum pressure and maximum strain signal, shown in Fig. 15 , demonstrates that the maximum pressure is indeed responsible for the maximum deformation of the pipe. This means that a quasi-static pressure loading regime takes place. Maximum pressure and maximum deformation are located at same positions. In fact, with a natural frequency of the pipe of 20 kHz the characteristic pressure load time has to be more than 2 ms to produce only pressure dependent strain. Generally, maximum deformation does not exceed the critical value for stainless steel ε m = 0.2%. The computed strain reaches only 0.13% at the tube end.
As it follows from Fig. 15 , the highly loaded zones with maximum deformation extend about 2 m after the DDT point and 1.5 m before the tube end. The mechanical response model gives the maximum strain directly at the tube end because the model does not take into account that in reality this part of the tube is much stronger due to the end flange. In the case of a later detonation transition (x D = 3 m) qualitatively very similar results for calculated pressure load and mechanical response have been obtained. The maximum pipe strain rises to 0.15% in this case. For a late detonation transition (x D = 5 m) the computed maximum piping strain is close to the plasticity limit ε m = 0.19%. But these two cases with late DDT are already far outside of the realistic range of DDT point distances x D that can be expected for the particular gas mixtures. It can be stated that for a late DDT-position longer pre-compressed zone and longer over-driven detonation zone with higher level of deformations can occur. For instance, the pre-compressed zone extends over 7.5 m for x D = 5 m, compared to 3 m for x D = 2 m.
Results for 40% nitrogen
For radiolysis gas -nitrogen mixtures with 40%N 2 three different distances from ignition to the DDT point were simulated: x D = 2, 5 and 9 m (see Fig. 11 ). The ignition of the radiolysis gas took place at x = 0. For the DDT point x D = 2 m the pre-compressed zone length extends over 4 m from the ignition point. A maximum pressure of about 88 bar for the over-driven detonation and 155 bar for the reflected pressure with a maximum strain of ε m = 0.12% were obtained for this case. The maximum pressure was lower than in case of 20%N 2 because of less energetic radiolysis gas mixture. A maximum pressure of about 80 bar for over-driven detonation and 170 bar for reflected pressure with a maximum strain of ε m = 0.19% was observed in this calculation. The peak pressure record (Fig. 16 ) demonstrates that only an over-driven radiolysis gas detonation without steady-state CJ-detonation occurs in this case. The reflection of the over-driven detonation will be much stronger than the steady-state detonation. The most dangerous scenario was observed for a late detonation initiation at x D = 9 m. In this case the precursor shock wave is reflected at the tube end before the detonation onset. Figure 17 shows an x-t diagram of the DDT process and simultaneously a peak pressure record for this scenario. The peak pressure record (Fig. 17, bottom) demonstrates a significant difference of the maximum pressure level compared to all previous cases. First of all, due to the leading precursor shock wave reflection, the radiolysis gas mixture has two times higher initial pressure prior the detonation (9.2 bar instead of 4.1 bar). This results in two times higher detonation pressure (165 bar instead of 87 bar for overdriven detonation without precursor shock wave reflection) which finally leads to a higher maximum hoop strain of ε m = 0.16%. Both pressure effects of the reflection and over-driven detonation are superimposed in time with an extremely high resulting pressure of about 300 bar. It produces a very high tube deformation (ε m = 0.29%) which is higher than the yield limit (ε m = 0.2%) for stainless steel. 
Results for 60% nitrogen
For radiolysis gas -nitrogen mixtures with 60%N 2 four different distances from the ignition to the DDT point were simulated: x D = 5, 9, 11 and 12 m (Fig. 11) . For the DDT point x D =5 m the pre-compressed zone propagates practically up to the tube end with precursor shock reflection. This is practically the same behavior as for the 40%N 2 radiolysis gas mixture and a distance to the DDT point of x D = 9 m. The maximum reflected pressure was about 300 bar and the maximum strain was calculated to be ε m = 0.17%. In the simulations with later detonation onset at x D = 9, 11 and 12 m, the precursor shock wave was reflected several times at tube ends. In all these cases the maximum pressure achieved at the tube end was approx. 330 -360 bar. A maximum deformation of ε m = 0.22% was calculated with a DDT point at x D = 9 m.
Evaluation of maximum deformations
For the computation of the stress and strain of the exhaust pipe a linear oscillator model was used in this work. Here a thin cylindrical piping segment will have a displacement by an elastic oscillation only, axial displacement was neglected. From the FA1D detonation calculations time-dependent internal pressures along the tube were determined for different radiolysis gas mixtures and different DDT points. The following properties were used in the calculations for the stainless steel No. 1.4541: Young modulus of elasticity E = 203000 MPa and density ρ = 8000 kg/m 3 . In the present work we used Hooke's law (or the linear-elastic approach) for the calculations of stress-strain dependence. But in reality Hooke's law is only valid for the portion of the stress-strain curve before the yield limit when material becomes plastic. Another important issue for the computation of piping strain using real stress-strain curves is that material properties depend on the strain rate as well. Our previous experiments with radiolysis gas detonations in stainless steel pipes resulted in strain rates of ε = 100-300 1/s in the elastic and ε = 1000-2000 1/s in the plastic regime of deformation (Kuznetsov et al., 2007b) .
Appropriate stress-strain curves made by MPA Institute for same stainless steel No. 1.4541 are represented in Fig. 18 (Stadtmüller, 2006) . Using zoomed initial part of this strain-strain curve for high strain rate ε = 1000 1/s we can see that even for the highest deformation ε m = 0.22% inside the realistic range of run-up-distances (see Fig. 11 ), obtained for 60%N 2 radiolysis gas detonation with a DDT point x D = 9 m, the tube expands practically in the linear elastic mode (Fig. 19) . For the maximum calculated exhaust pipe deformation ε m = 0.29% outside the realistic range of DDT point we have to take into account plasticity of the material. With the assumption of the same value of the work of deformation W for elastic and plastic regime 
where R and S are piping radius and cross-section area, we can estimate the maximum plastic deformation corresponding to the calculated value ε m = 0.29% in an elastic approach. First estimation gives a value ε m = 0.41% for plastic deformation corresponding to the value ε m = 0.29% in an elastic approach. This means that even with nonrealistic DDT point taken as a "worst case" the maximum deformation does not exceed 1%.
Experimental verification of FA1D-code
Experiments on radiolysis gas detonation have been performed in a tube designed similar to a typical BWR exhaust tube. The tube was fabricated of austenitic stainless steel DIN 1.4541 with following material properties: Young modulus of elasticity E = 203000 MPa and density ρ = 8000 kg/m3. The tube was installed into a safety vessel with 80 mm wall thickness, certified for a static pressure of 100 bar. The tube with a length of 12.25 m consisted of two parts that were 4275 and 7501 mm long with different outer diameters and wall thicknesses: (I) 419x20 mm and (II) 510x15 mm. Both parts of the tube were connected via a conic part of 300 mm length and 20 mm wall thickness. Total weight of the piping structure with the flanges was approx. 3500 kg.
Stoichiometric hydrogen-oxygen mixtures diluted with 0 to 55% nitrogen at an initial pressure of 1.6 bar and a temperature of about 30 O C have been used in order to define initial conditions leading to the strongest detonation pressure and the maximum tube deformation. Several tests have been carried out at reduced initial pressures of 0.4 and 0.8 bar prior the main experimental series. Before each test the tube was evacuated up to a pressure of less than 0.1 mbar. After the evacuation the test mixture was injected into the test tube up to required initial pressure. The concentration of each mixture component was controlled via mass flow rates. The mixture quality was additionally checked by a gas analyzer connected via bypass line. The test mixture was ignited by a spark plug, mounted axially in the flange at the stronger part of the tube to reproduce the most conservative scenario where the maximum detonation pressure appears in the weakest part of the tube. Fig. 20 . To record the radiolysis gas detonation pressure and dynamics of the flame propagation 4 pressure sensors and 2 photodiodes as light sensors were installed in both end flanges. The axial position of light sensors allows registering the DDT moment due to its very intensive light signal of the local explosion. 17 circumferential and 8 longitudinal DMS strain gauges with temperature compensation were fixed on the cylindrical surface of the tube to measure the tube deformations and the arrival time of the shock waves and the detonation wave. Figure 20 demonstrates an example of x-t diagram of detonation process of radiolysis gas mixture with 40% nitrogen at 1.6 bar initial pressure. The diagram represents signal records in time for different sensors locations along the test tube. When shock wave or detonation wave arrives at a sensor position it causes a sharp increase of the signal. For instance, by using the points with sharp pressure or strain increase as arrival time, the well pronounced trajectories of the precursor shock wave (SW), detonation wave (DW), reflected detonation wave (RefW), and retonation wave(RW) were identified on the x-t diagram (Fig. 20) . Due to the precursor shock wave with a pressure of 3.5 bar and a velocity of 600 m/s, generated by an accelerating flame front (FF), an overdriven detonation takes place in the pre-compressed radiolysis gas mixture with an initial pressure of 3.5 bar. The subsequent detonation reflection from the end flange results in a significant increase of the detonation pressure with propagation of reflected detonation wave in opposite direction. The experiments showed that with increasing nitrogen dilution, the DDT point shifts towards the tube end with production of extremely high pressure and piping deformation as result of the cumulative effects of pre-compression, reflection and local explosion during the DDT process. Finally, all the experimental data on maximum pressure and maximum strain along the tube are summarized in Figs. 21 as a function of nitrogen dilution of radiolysis gas mixture. The experimental data for maximum hoop strain along the tested tube show that deformation of the pipe is consistent with level of pressure load. As it follows from these plots, the maximum pressure load and the maximum tube deformations occurred for nitrogen dilution of 50% at an initial pressure of 1.6 bar when a scenario with late detonation initiation was realized. This means that higher nitrogen dilution leads to the actually worst case scenario, in which the maximum tube deformation achieves a value of 0.17-0.18%, or practically two times higher than a scenario with detonation of pure radiolysis gas (0%N 2 ) proposed in our previous work (Kuznetsov et al., 2007) . Such level of experimental hoop strain is consistent with calculated deformations in the range of 0.19-0.22%, obtained for "late DDT" scenarios with run-up distances of 9-12 m from the ignition point (see Fig. 11 ). The lower experimental maximum strain can be explained due to the reinforcing effect of the end flange, which makes the cylindrical tube wall stronger, compared to the model of an unconfined cylindrical shell, assumed in the numerical calculations. Generally, maximum tube deformations of 0.17-0.18% from radiolysis gas detonations are less than the yield limit of 0.2% for austenitic stainless steel. This means that the BWR www.intechopen.com
Numerical Simulation of Radiolysis Gas Detonations in a BWR Exhaust Pipe and Mechanical Response of the Piping to the Detonation Pressure Loads 411 exhaust tube remains intact even in the worst case scenario of radiolysis gas detonation. Additionally, we have to point out that in case of combustion (no detonation initiation at nitrogen concentration more than 52 vol. %N 2 ), as it follows from Fig. 21 (right) , the maximum deformation is 10 times smaller than in case of the radiolysis gas detonation. This means that stoichiometric hydrogen-air mixture with 56%N 2 if it would be ignited from end flange in such a smooth and large (~0.5 m i.d.) tube without obstacles would not detonate.
As it follows from the papers (Kuznetsov et al., 2005; Liberman et al., 2009) , reduction of the tube diameter will shorten the run-up distance to detonation. This may be sufficient to initiate detonations in less reactive mixtures than in our tests. Decreasing of initial pressure reduces the mixture detonability and detonability limit shifts to lower nitrogen concentration as well.
Conclusions
To describe the deflagration-to-detonation transition (DDT) of radiolysis gas mixtures diluted with nitrogen and/or steam the new 1-dimensional computational code FA1D was developed and experimentally verified. The program allows performing a continuous mechanistic analysis of the complex processes with deflagration-to-detonation transition in closed pipes leading to the highest internal pressure loads. For radiolysis gas mixtures with nitrogen dilution from 0 to 80% different DDT run-updistances were postulated and resulting pressure loads and maximum deformations of an exhaust pipe with 510-mm o.d. and 15-mm wall thickness were calculated. The real "worst case" with a maximum pressure load and deformation always arose at the tube end as a result of a cumulative effect of precursor shock reflection, DDT and detonation reflection processes (so called "late detonation").
With a simplified linear-elastic model of piping response to dynamic pressure loads the results of the calculations were very close to the experimental data. The obtained calculated maximum strains are quite low and present no danger for the integrity of the exhaust pipe fabricated from the material DIN 1.4541. Nitrogen dilution of the radiolysis gas does not reduce the stress of the pipe. On the contrary, up to some critical nitrogen concentration it has a promoting effect on stress of the tube by producing "late detonation". The real scale experiments with a BWR exhaust pipe showed that the detonation of nitrogen diluted radiolysis gas mixtures leads to significantly larger and safety-relevant piping deformation compared to pure radiolysis gas. Maximum pressure loads with maximum deformations occur just after the DDT point and near the reflection end. It was shown that even the real "worst-case" scenario of radiolysis gas detonation with the critical nitrogen dilution (50%N 2 ) would not lead to a structural damage of the exhaust pipe.
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